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ss.rface entering fatigue cracks in which the crack opens in response to applied
e~terna1 forces as though the adjacent crack surfaces are hinged at the bottoul.
Az~ilytica1 work is in progress to interpret these results in terms of the
u~~ neto-mechanica1 properties in the vicinity of the fatigue crack. Barkhausen
n~ise signals were obtained on a grid pattern in the vicinity of several, fatigue
c4scks with a Barkhausen detection probe 1/5 the length of the cracks. The
re~su1ts can be interpreted in terms of the stress fields in the vicinity of the
c4scks. Al 1410 steel fatigue specimens are being fabricated for magnetic
pe~rturbat ion and Barkhausen noise analysis measurements. Fatigue cracks in
Ti;.6A1 4V specimens were investigated with the electric current injection
tebhnique.,. The results show that the singal amplitude is correlated with the
cr~ick intér~ace area. Fatigue crack depth measurements were also made on the
Ti}-6Al-4V specimen using the AC four-contact electric probe method. A micro-
ud~tiature probe with 0.010 inch contact spacing was developed for these
m~~surements. The results agree well with the predictions of electric potential
thj~ory and indicate that the fatigue crack depth can be determined to within 107.
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ABSTRACT

Magnetic perturbation s ignatures  and Barkhausen noise resul ts
have been obtained f rom an AISI 4340 steel fa t igue specimen s t ress-
cycled at 180 ksi. The magnetic perturbat ion signals were  obtained
over a large number of scan t racks  for a var ie ty  of app l ied load con-
ditions and for crack lengths f rom 0. 010 inch to 0. 050 inch . The si gnal
amplitude var ies  with load and crack length in a g r e e m e n t  with anal yt ica l
results for magnetic leakage f ie lds , whereas  the signal  shape appears to
be related to the c rack  depth and localized plastic zone s. Anal ysis  of
the magnetic perturbat ion data suggests  a c rack  opening model for small
surface enter ing  fat igue cracks  in which the crack opens in response to
applied external  fo rces  as though the adjacent  c rack  sur faces  are  hinged
at the bottom. Anal ytical work is in p rogress  to i n t e rp re t  these resu l t s
in terms of the magneto-mechanical  propertie s in the vicini ty  of the
fati gu e c rack . Barkhausen  noise signals were  obtained on a gr id  p a t t e rn
in the vicinity of several  fat igue c racks  with a Barkhausen detection prob e
1/5 the length of the cracks.  The results can be in terpre ted  in te rms of
the s t ress  fields in the vicinity of the cracks.  AF 1410 steel fat igue
specimens are  being fabr ica ted  for  magnetic per turba t ion  and Barkhausen
noise anal ysis  measurements .  Fatigue cracks  in Ti-6A 1-4V specimens
we re investigated with the e lec t r ic  cur ren t  inject ion techni que . The

• results show that the si gnal ampli tude is correlated with the crack inter-
face area. Fati gue crack depth measurements  were  also made on the
Ti-6A 1-4V specimen using the AC four -con tac t  electric probe method.
A micro-minia ture  probe with 0. 010 inch contact spaLing was developed
for these measurements .  The results agree  well with the predictions of
electric potential theory and indicate that the fatigue crack depth can be
determined to within 10%.
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I. INTRODUCTION AND SUMMARY

Investigation has continued of the quantitative functional  re lat ionships
between magnetic per turbat ion s ignatures and crack parameters  of in te res t  f o r

f rac ture  mechanics anal ysis , such as , crack length , c rack  opening displace-
ment (COD), crack dep th , crack in ter face  area , c rac k op enin g con f igura t ion ,
and void volume. Effor ts  have continued to det e rmine possibl e re la t ionships
between signal fea tures  and plastic zone configurat ion around a fat igue c r ac i .
Work this past yea r has also emphas ized r esidual str ess measu rement s as
determined by Barkhausen noise anal ysis , AC fou r - con tac t  probe measuremen t s
of crack depth , and electric cu r r en t  injection measurements  of c r ack  i n t e r f a c e
size in titanium alloy specimens. Work has proceeded on an automatic moni-
toring and data process ing  capabili ty for the s t r e s s - cyc l i ng  machine.  The
automatic feature  will eliminate the need for  continuous manual moni to r ing
during the extended s t ress -cyc l ing  necessary  for  generat ing fati gue cracks
in specimens of e l ect ro -vacuum processed AF 141 0 steel.

The followin g sections in this Report brief l y summarize  the r e su l t s
obtained during the past year ut i l iz ing the various NDE method s ment ioned
above (a brief  descr i ption of the method s is given in the Appendix).  Signif icant
progress  has been made in appl ying the Barkhausen noise anal y sis me th od and
the AC four-contact  electric probe method to the invest igat ion of fat igue c r acks .
Results obtained with these methods are  being used to aid in the anal ysis of
magnetic per turbat ion and electric current  injection data. In addition , ana ly t ical
work is proceeding in effo rt s to interpret  cha racte rist ics of the magnet ic
perturbation signature in terms of the magneto-mechanical  f ea tu res  of the
fatigue crack region. As explained later , anal y ses of our recent data su g ges t s
a significant development , namely that a c rack  opening model in which the
adjacent crack surfaces are ‘ thinged ’ at the bottom may be app rop riate for
small surface entering fatigue cracks.

.5-
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U. EXPERIMENTA L INVESTiGATIONS AND SUMMARY OF RESULTS

Details regarding the specimen geometr y and cha rac te r i s t i c s, the
NDE methods emp loyed , and the general experimental  p r o c e d u r e  are given
in the Appendix.

A. Magnetic Perturbation

Magneti c Pert-urbation signals were  obtained on rod -shaped
fa tigue specimens b y utilizing a small Hall probe to detect  the field
perturbations associated with fatigue cracks.  The Hall p robe was m ade
to t raverse  a prec i se  path along the specimen axis (pe rp end icu la r  to the
crack in te r face)  b y means of a scanning mechanism.  The width of the
scan track interrogated b y the 1-lall p robe i s no t p rec i se ly known bu t is
p robably no more than 0. 002 inch. Extensive magnet ic  pe r tu rba t ion  data
were taken on a specime n of AISI 4340 steel which had been s t r e s s -cyc led
in tension us ing a zero  to peak s tress  of 180 ksi  with a s t r e s s  ratio R = 0.
The s t ress -cyc l ing  machine was stopped at various crack lengths rang ing
from 0. 010 inch to 0. 050 inch , and magne t ic  per tu rba t ion  measurements
were made at five value s of app lied static s t ress  up to a maximum s t ress
of 180 ksi . Data were obtaine d with the specimen magne t i zed  near l y to
saturation using a magne tizing cur ren t  of 6. 0 ampere  (re fe r red  to as the
“hi gh field’ , or HF , condition) and also at a lower magnetizing cur ren t
of 0. S ampere (“low field” , or LF , condi t ion) .  For each condit ion of
crack length and app lied s t ress , magnetic  per turbat ion si gn~ tures  were
obtained from a number of adjacent traskc perpendicular  to the crack
interface. Typical signatures f rom various locations alone a crack inte r-
face are shown in the A ppendix. As previousl y r e p o r t e d U ) , a two-
component signature was observed such as shown in Figure 1. The signal
parameters extracted for  analysis  were:

1. The princi pal signal peak -to-peak amplitude.
2. The satellite signal peak-to-peak amplitude.
3. The principal si gnal peak-to-peak separat ion.
4. The satellite signal peak-to-peak separation.

All of the recorded data were reduced and p lotte d using a Tektronix 4051
BASIC Grap hic Computing System.

Representative results for the variation along the crack inte r-
face of the signal amplit-ude and width are shown in Figures  2 and 3. These

• results are for a 0. 052 inch long fatigue crack with an app lied s t ress  of
180 ksi. An overall appraisal of the magne tic data leads to the following
summary results :

5 5 - -  
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Peak Separation

Satellite 
. I \ Princi pal Signal

Si gnal Amp l i tude  Ampli tude

—4

FIGURE 1 . CHARACTERISTIC MA GNETIC SIGNATURE A SSOCIATED
WITH A SURFACE CRA CK
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1. Once the crack is opened b y an app lied load , the
magnetic per turba t ion  signal amp litude at the cente r of the crack is l inear l y
related to the (-rack opening disp lacement , COD. Since m a g n e t i c  f i e ld
anal y sis (2)  p red ic t s  that the rna~ nctic per turbat ion siL ~na 1 a m p litude is a
linearl y increasing funct ion of volume , these results indica te  that the
volume between the crack in ter faces  is a linear f u n c t i o n  of COD.

2. Within limits of the exper imenta l  measurements, the
magne tic per turbat ion signal peak separat ion does not change as the app lied
stress is changed f rom zero to 180 ksi , des p ite the fact  that  the magne tic
per turbat ion signal amp litude increases b y a factor  g r e a t e r  than nine .

3. Previous resul ts  have indicated an anprox imate l y
linear relat ionship between peak separat ion and the d is tance  f rom the flaw
centroid to the sur face (3) . Fu r the rmore, r ecen t  resul ts  in di  ate that
th e peak se p ara t ion i n c r e a s e s  wi th f ati gue crack length and is approximate l y
equal to 1/3 the dep thW . From the f o r e g o i n g  we are sugges t ing  a !!hj f l .~ c, II

model for the opcn in ~ of small surface enter ing fa t igue  c racks .  If the
• c rack opens at the middle , in response  to app l ied ex te rna l  fo rce  as

thoug h the adjacent  crack surfaces  are  hinged at the bottom , the experi-
mental results are cons is tent ;  namely ,  the signal amp litude inc reases
linearly with volume of the tr iangular opening and the peak separat ion is
constant since the centroid is fixed. If the crack opens as a wed ge with
the apex inc reas ing  with openin2 ,  the volume would increase  l inearl y with
the triangular opening but  the centroid would also move fur ther  f rom the
base and the peak separation should increase - which  is not the case.

4. The peak-to-peak separation of both the pr incipal  and
satellite c omponents is less at the interior  reg ions of the crack than at

- 
;‘i the ti ps. (See Figure 3). This result  is observed consistently for all

crack length s and app lied loads invest igated.  Although no detailed exp la-
nation has been developed at this time , the results sugges t  that the peak
separation may be related to the s t ressed zones around the fatigue crack.

- •- • Anal y tical ef for ts  utilizing the magne to-mechanical p roper t i e s  of the
material are underway to explore this possible rela tionshi p.

5. For low magneti c fields , the variation in the signal
peak-to-peak separat ion f rom the interior reg ions of the crack to the
tip is greate r than for the hi gh field case as shown in Figure 3.

Effor ts  are under way to develop anal yti cal models for
explaining the behavior of the magnetic  per turbat ion results in t e rms  of
the magneto-mechanica l  interactions in the fatigue crack reg ion. In
addition , exper iments  are p lanned to app ly the magnet ic  pe r tu rba t ion  t e c l mi q i i c
to the invest i gation of fa t igue  cracks  in other t ypes of steel mate rials such
as the AF 1410 steel descr ibed in the next section.

‘4
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B. AF 1410 Steel Specimens

Rod-shaped fati gue specimens of AF 1410 steel are
currently being p repared  using material  obtained f rom General I) ynamic s
Convair Aerospace Division in Fort  Worth . Heat t rea tment , putting the
material into the solution-treated and aged condition , was pe r fo rmed  b y
U. S. Steel. The hea t - t rea t  schedule was as follows:

• Initial austenizing 1650°F for  60 minute s
Final austenizing 1500°F for  60 minute s
A ging 950° F for 8 hours

The mate rial was water quenched after  each heat t reatment.  Composit ion
in wei ght pe rcen t  as g iven b y U. S. Steel is:

C 0. 12 Mo 0 . 9 9
Mn 0.13 Co 7.76
P 0. 007 Ti 0.01
S 0. 003 Al 0.017 .

.5 Si 0.07 N 75 PPM
Ni 9. 93 0 25 PPM
Cr 2 . 0 0

The average mechanical propert ies  of the material  as reported b y
General D ynamics for  plate specimens is~

4
~:

Ultimate tens ile strength 196 , 000 psi
0.2% tensile yield strength 183 , 600 psi

- - - % Elongation 18. 0
r % Reduction in area 73. 8

Hardness readings were made at SwRI on the machined fati gue specimens
prior to f in ish  grinding. These indicate a Rockwell hardness  of approxi-
matcly 43 Rc.

- 
~~
‘ Since the AF 1410 material is electro-vacuum processed , it

is anticipate d that a large number of stress cycles will he neces sa ry  to
generate fati gue cracks.  Therefore , an automati c moni tor ing capability

Y is being added to the s t ress -cyc l ing  machine to alleviate the need for
constant manual monitoring of the specimen. Thi s will permi t  operation
24 hours each day. The p r imary  purpose of the automated system at this
time is to monitor the outputs of ultrasonic surface wave t ransducers
mounted on a fati gue test specimen and to automatically stop the fati gue
testing machine if certain si gnatures appear in the transducer output signals.

4 
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A block diagram of the system is shown in Figure 4. Ultrasonic tran s-
ducers mounted on fa tigue tes t  specimens  communicate with  a Sp e r r y
Reflectoscope b y way of a coaxial relay switc h which sequentiall y selects
and interrogate s each of six 10 M h z  surface wave t ransducers  bonded to
flats on the specimen.  Control of the coaxial relay switch and the fatigue
machine motor is performed b y means of a microcomputer  system. Ultra-
soni c echoes refle c ting f r o m  fat igue ( ‘racks and exceeding a p rese t
threshold level in the Reflectoscope will send an alarm si gna l to the micro-
computer.  Recognit ion b y the microcomputer  of fatigue crack initiation
results in a conu~~and to shut down the fatigue testing mach ine .  Pert inent
information such as cycle count at alarm and the t ransducer  in i t ia t ing the
alarm can be printed out on a te letype for fur ther  inspect ion.  Extens ion  of
the system to signal processing of the ultrasonic signals, or of other
information suc h as magneti c perturbat ion signals or Barkhauscn  noise
si gnals , can be pe r fo rmed  in the future b y in tegra t ing  the sys tem with
either a Tektronix Grap hic Computing Sys tem or a h ewlet t -Packard Mini-
computer which can be made available for  this purpose.

C. Barkhausen Noise Anal ysis

As has been previously shown, the Barkhausen noise an~~ysis

method can be used to measure both residual and applied stress~~~. To

obtain adequate resolution for measuring the stress fields in the vicinity of
small fatigue cracks, it was necessary to fabricate a smaller size Barkhauscn  

.5

probe than had heretofore been available. For the work reported here,

a Barkhausen sensing coil 0. 010-inch wide x 0.010-inch hi gh x 0. 015-inch long
was fabricated and mounted in a micrometer  adjustment  fix ture on the
stress-cycl ing machine . This a r rangement  facilitate s very  p rec i se  location
of the Barkhausen probe relative to the fatigue cracks.  Because of the small
size of the Barkhausen probe , a very sensitive pulse preamp lifier was
required. The large magnetizing coil used for the magne ti c per turbat ion
measurements  was also utilized to cyclically magnetize the specimens for
Barkhausen measurement s . For most of the work , a magneti c cycl ing
frequency of 3 Hz was selected.

- 
~~
“ Barkhausen noise data were taken on an AISI 4340 steel

specimen, S5, which previously had been cycled at a maximum s tress  of
180 ksi (0 .2 % tensile y ield strength for this specimen 183 ksi) .  Thi s is
the same specimen used for the magnetic perturbation investi gations
reported in Section A. Fi gure 5 shows the Barkhausen si gnal peak amp litude
as a function of app lied static stress for an uncracked region of the spec imen
and at the cente r of a 0. 052-inch long crack. These data were taken near
the center of the gage section of the specimen. Previous Barkhausen results
obtained on cantilever bending specimens of AISI 4340 steel show that a p lot

- -~ of the Barkhausen signature versus both tensile and compress ive  app lied

-II -

-— - .- — - —  - ,.q-
~~~~~ . . a .-,- - - * - ~~~

— ... — .5.. ‘ - - 

5- - — — -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ - 5-—~~~~- —— ~ __ L_.  ~~~~~~~~~~~~~~~~~~~~~~~



~
_] • , f

~ ~~~-I-

0 ~~~~~O U ) H  9

U) 
~~~~~ 

Q
(~~~U)

1.11 ~14

0

A I
I H

U)
_ _ _ _ _  ‘4 U)

O 4:
H~~ ‘-

~ I 0

~~ O I H
~~ L) V
1.L~~(/) I I 0

0
4,, ~‘V. t -

A h.~
I U
I ~~H ~) -~~~~ ‘4 - U
I (flU ~ 0 ’~ 

0~~
~ ~~ 0

~~~~~~~ ~~~~~~~~~~~~~~~~~~~

H u ~ p~~~~~Q 0  Z
0 

‘-‘ - L ~h
-r ~~ ~~~~

.5 >~~~~U ‘4

0~~~~> 0~~
)

—
.5 (1)

•~-‘ (I)  -

.5 _ _ _ _ _ _ H 0

I 0~~~~I 0 Z
_ _ _ _  

.
~~ ~~~~OU)

.5 0 0  0 L.~:JV c i
5- 0~~ •-.-.

‘—4 — 
.-

~ ‘4( 4 L )  H Z

H

i~j

~~~~~ IJ ~T_i ~~,:::: : i: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ .JITI. ~~~
‘
~~]



10

I I

0 0U N C RA C K E D
REGION 

—

SPECIMEN S5
op~~~180 ksi -

,0

H

4:

4: i0o~~ ..
‘.5- Z

0
‘-4
U)

z
~L1

-:  U)

4:

ZERO RESIDUAL
STRESS LEVEL AV

- .5 - 
- 0 

A~~~~~~
”

~
% CRACK

50 CENTER .5

I —

0 50 100 150
APPLIED STRESS (ksi)

FIGURE 5. BAR KI TAUSEN SIGNAL AMPLITUDE VERSUS APPLIE D STATiC
- 4  TENSILE STRESS FOR SPECIMEN S5 .
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stress ~,roduces an S-shaped curve when t h e  residual s t resses  are near
zc ro~

6’ ‘) . Data obtained on an AISI 4340 rod- t ype fati gue spec imen which
was subje c ted to app lied tensile s t ress  are shown in Figure 6 (compress ive
stress could not be app lied without buckling the spec imen) .  These results
are for specimen S30 which had been subjected to peak s t resses  of only
130 ksi , well below the y ield s t ress  of 183 ksi .  Note that the l3arkh auscn
signal increases  with increas ing tensile s t ress , reaches a maximum at
approximately 30% of the yield stress, and then slightly decreases with
the application of additional stress. Referring back to Figure 5, the fac t
that the Barkhau sen  data do not show a flattening at the upp e r  end for
stresses up to 112 ksi , but do show signif icant  f la t ten ing  at the low end ,
even up to app lied s t ress  of 40 ksi , indicate that the reg ion of the specimen
near the center is in a state of compress ion .  The fact  that the specimen
had been cycled at a s t ress  near yield , and that  the Barkhauscn data were
taken in the nar row part  of the specime n where  the sect ion s t ress  would
be the grea tes t , seem s to imply that a state of residual compres s ion  could
likely exist.

- 
-

‘ To establish the Barkhausen si gnal am plitude co r respond ing
to zero s tress  and to corrobora te  the above anal ysis of the data presente d
in Figure 5, a Barkh ausen measurement  with no app li ed str ess was made

further  up on Specimen S5 , well out of the gage section , w h e r e  the residual
st r e ss should be near ze ro . This  measurement  yielded a l3arkhausen

• si gnal amp litude of approximately 60 mV. This level is indicated in Figure D .

A comparable Barkhau scn signal amp litude was obtained from another
specimen of AISI 4340 steel which had been cycled at a much lower s t ress
level, namely, 130 ksi , and therefore should be in essentially a zero
residual s t ress  condit ion. Thus 60 i-nV should be the zero  residual  stress
Barkhausen si gnal amp litude level for these specimens.

Extensive Barkhausen measurements  were made on Spe c imen  55

in the vicinit y of three fati gue cracks.  A pproximatel y 400 Barkhau sen  si gna ls

were obtained on a square matrix grid pat tern based on 0. 010 inch cnters .
One approach to anal yzing these data is to plot constant Barkh auscn contours
in an ef fort  to appraise  the surface stress distr ibution.  Pre l iminary
analysis indicates significant variations in the contours in the v i c in i t y  of
the fatigue cracks , but fu r ther  fracture mechanics anal ysis  will be
necessary  to guide in terpre ta t ion  of the Barkhausen readings in t e r m s  of
stress dis t r ibut ions  around fatigue cracks.  Additional Barkhausen  da ta
will be taken on specimens cycled at othe r stress levels in order to relate
the results to variat ions in the p lastic zone size. It is expected that  these
results will help in the analysis and interpretat ion of magnet ic  per turba t ion
si gnatures obtained from fati gue cracks as well as in the app l icat ion of
fracture mechanics to a determination of crack cri t ical i ty.
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.5 D. AC Four-Contact  E lec t r i c  Probe Measuremen t s

One of the crack parameters on which quantitative information
is needed in order to app ly f r a ct ur e  mechanics  to the anal ys i s  of fati gue
cracks is the crack dep th. Previous work on relatively large fat igue c racks
in plate specimens has shown that an NDE technique capable of giving s ignals
quanti tatively corre la ted with the crack depth is t h e  AC electric’ potential.
method using four-contact probe ~~~~ In this method two oute r electrical
contacts inject  cur ren t  into the spec imen  and two inner contacts sense the
electric potential. If a crack is present between the inne r contacts  the
potential is higher than that for uncracked material  and the potential
d ifference is related to the crack depth.  The app lication of this me thod is
descr ib ed in more detail in the A ppendix.

The precis ion of the measu remen t  depends on the re la t ionship
between the c rack  depth and the probe contact spac ing  which should be
comparable to the crack dep ths of interest. For this condit ion , the response
of the probe can be anal yzed theoretically for  two ranges  of crack leng th s : (9 )

1. II the surface length of the crack , L, is long compared to
the contact  spac ing ,  A , then the measured  voltage is g iven b y the equation

V~~ V 0 ( 1 + CD) (1)

where V 0 is the potential between the voltage contacts for  uncracked
material, D is the crack dep th , and C is a calibration cons tant.

2. If on the other hand , the crack leng th is small compared
to the contact spacing,  A , then the measured voltage also depends on the
crack length. In thi s case , the lower order  of approximation in t roduces  a
crack effect proportional to the product of the crack length and depth . For
a hall-penny shaped crack the measured probe voltage is given b y the
equation

V~~~V~ (1 + K2D2 ) (2)  
.5

where K is a calibration constant.

- .5 
For measurements on fati gue cracks with lengths in the range

of 0. 010 inch to 0. 050 inch , it was necessa ry  to desi gn and fabr ica te  a
miniature four-contact  probe having minimal contact spacing.  It was found
convenient to do this using commercially available spr ing- loaded contacts ,
in which a fine tungsten wire slides inside a flexible guide tube. The contac t
spacing achievable is governed b y the guide tube diameter which is 0. OO c i nch ;
the diameter of the tungsten contact is 0. 003 inch. Four of these flexible

- 
• J ~~~~~~~~~~~~ ’Fri~i ~~~~~~~ ~~~~~~‘ 
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contacts arranged linearl y on 0. 010 inch centers were encapsulated into
a plastic block. The comp leted four -con tac t  probe was mOunted in a
micrometer adjus tme nt f ixture on the stress-cycling machine so that the
vertical posit i on of the probe could be ve ry  accurate ly located relative to
the fatigue cracks in the specimens of in teres t.

In order  to obtain quantitative information on the crack dep th ,
it is n e c e s s a r y  t o f ir s t  calibrate the four -con tac t  p robe on defec t s  of known
dimension s in the material  of interest.  In the work repor te d here , four -
contact probe measurements  were  pe r fo rmed  on spec imens  of T i -L -A l -4 V
alloy wh ich  were also used in the electric cu r r en t  in jec t ion invest i ga ti ons
to be discussed in the next section. To calibrate the p robe  before  app ly i n g
it to the measu remen t  of fati gue c racks , a block of T i-6A l-4V was used into
which a series of EDM notches were  machined  comparable  in dep th and
length with the fatigue cracks of interest, that is , in the range  of 0 .0 10 inch
to 0 . 050 inch.  A tungsten EDM tool was used which had been etched to a
semi-circular shape to simulate a hall -penny shaped crack.  The width of
the notches was approximately 0-. 005 inch;  the length , dept h , and width of
each notch was determined opticall y with a measur ing  mic roscope .

The four -contac t  electric probe data f rom EDM notches
plotted aga ins t  notch depth are shown in Figure 7. Accord ing  to the
theore tical anal y si s di scussed previousl y, for notch depths  less than the

- 
- prebe contact spacing of approximatel y 0. 010 inch , the measured  voltage

should depend on the notch depth according to the equation:

L. f v v o\
1IZ 

K (3)

‘ V0

Examination of the top part  of Fi gure 7 shows that the experimental  data
agree well with thi s dependence  for notch dep ths up to approximate l y
0.012 inch with K = 68. 6 in. ~~~- . For notch dep ths greater than 0.012 inch , the
measured voltage is found to conform with the dependence

V V 0 = C D  (4)
V o~~~

where C = 52. 0 in. ~~~~~ in agreement with the theoret ica l  anal ys is .  Thus ,
-: in general , the four-contac t  e lec t r ic  probe measurements  on small m a c h i n e d

notches in Ti-6A1-4V agree well with electric potential theory and should
provide a means for determining the dep th of fatigue cracks.

0
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After  calibrating the probe , AC four-contact  probe measure-
ments were made on a rod-shaped tensile specimen of Ti-6A 1-4V in which
a fatigue crack was gene rated and grown to approximate l y 0. 050 inch  long
with a maximum cycl ic  stress of 130 ksi .  Stress cyc l ing  was i nt e r r u p ted
at various crack lengths and four-contact  electric probe  measurements
were made at a number  of locations along the crack inte rface. Typ ical data
obtained are shown in Figure ~~ fo r  crack leng th s of 0 . 02 0 inch  and 0 . 040 in ’, h.
Usually, the measurements  were made with zero  stati c s t ress  app lied to
the specimen.  No changes  in the four -contac t  probe  m e a s u r e m e n t s  were
obse rv ed when stre ss was ap p lied to the specimen ind ica t ing  that t i gh t
closure does not s irn i f i can tl y affect  the electric probe m e a s u r e m e n t, in
agreement  with t revious wo rk~

8) .

The four -con tac t  electr ic probe data f rom the fa t igue  crack
were used in conjunct ion  with the calibration cons tan t s  de te rmined  fro m J - 1)I\ 1
notches to compute the fatigue crack dep th. These results comp ar ed  to iLk -

c rack dep th accord ing  to a half-penn y assump tion arc shown in Table I.

TABLE I

Crack Calibration Computed Depth b y
Length (V-V 0)/V 0 Constant  Depth Hal f -Penny

(i n. ) 
______________ 

( i n .  ~~ ) ( in.  ) A p p r o x i m a t i o n  ( i n .

0 .010 0.13 68. 6 0 .005  0.005
0. 020 0.41 68. 6 0 .009 0. 010
0. 030 0. 72 52. 0  0.014 0. 015
0. 040 0. 95 52.0 0.018 0. 020
0.050 0.15 52.0 0.022 0. 025

As can be seen , the agreement  between the crack dep th measured with the
four-contact  probe and the half-penny assump tion is very  good and indicates
that the AC four-contac t  electric potential method can be sa t is factor i ly  used
to obtain fatigue crack depth using calibration constants  f rom machined n o t c h e s .
The slight discrepancies  in the crack dep th results noted in Table I are
probabl y associated with the approximations inheren t  in  the theoret ical
analysis used to compute the crack dep ths. However , for  most purposes ,
the accuracy of the measurement should be adequate .

.5 Additional work is required to determine the general  r e l i ab i l i t y
of the method and the levels of confidence for fat igue crack de terminat ion .
Also , the app licabilit y of the method to other types of mater ia ls , especial l y
hi gh s t rength steels needs to be exp lored. In general , for  the labora tory
determination of fati gue c rack dep th , the AC four-contact  e lect r ic  probe
method appea r s  to be very promising.
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E. Electric C u r r e n t :  I nj e c t i o n

Elec t r i c  cu r ren t  in jec t ion  data  have be en obta ined on a
specimen of Ti - 6A 1—4V alloy in which  a fati gue c rack was g e ner a t e d  and
grown to a lere ’th of 0. 050 inch.  This was the same spec im en  u sed f or  t h e
AC four -con tac t  e l ec t r i c  probe m e a s u r em e n t s di scussed  in  the h ir ev iou s
sec tion. For the e l e c t r i c  c u r r e n t  i nj e c t i o n  inves t i gat io ns , a cu r r en t  of
approximately 1 . 7 amps RMS was induced in the s 1) ecir nen at  a f r e q u e n c y
of 10 k l Iz .  A small inductive p ic:kup coil was used to detect the pe r tu r—
bations in  the magnet i c  field associated w i t h  the c u r r e n t  flow around the
fati gue crack.  The p robe  was mechanicall y scanned  in the d i rec t ion of
the specim en axis , per pend i cu la r  to the crack in t e r f ace .  Sy nc h ronou s

de tection at  the drive f r equency  of 10 kI l z  was used to in c rease  the scnsi.-
t ivi ty and d i sc r imina te  a g a i n s t  i n c o h e r e n t  noise .

Stress cyc l ing  was i n t e r r u p t e d at var ious  c rack  1cng th~;

within the range of 0. 010 inch to 0. 050 i n c h .  At each crach length, electric

current i n j e c t i o n  si gnals were obtained along 20 scan tracks p e r p en d i c u l a r
to the  crack interface from approxim ately 1 /2 the crack length  beyond  one

crack t i p to a comparable distan e beyond the o t h e r  c r ack  t i p. The shape
of the detected signal typicall y var ied with location along the c rack  i n t e r f ace
as shown in Figure 9. As is seen in the Figure , the f a t i e u e  c r a c k  p rodu ces
si gnals wh ich  reverse  polar i t y as the crack i n t e r f a c e  is t raversed , going
throug h a null at the cent er  of the c r a c k .  Fi gu re  10 is a g rap h of the
var iation in  the amp lit-ude of the major  peak relative to loca t ion  along the
in ter face  of a 0. 050- inch  long crack.  In general , app lied s t ress  has l i t t le
effect on the observed si gnals.  Anal ys i s  of the data shows that  the mnaxi .-
mum p e a k — t o - p e a k  si gnal amp litude is relat:ed to the c r ac k  i n t e r f a c e  area
as shown in F i gure 11. Sim ilar corre la t ions  between si gnal am~ ii tudc and

defect area have been obtained for  o ther  spec imen  geon 1etr ies U~~~. The
crack dep th used in computin g the crack in te r face  area indicated in F igu r e  1)

was obta ined  b y the four-contac t  electric probe meaal rements  as d e sc r i b e d  in

.5 

the previous section.

¼

-l

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



- 

-

19

CRACK LENGTh 0. 050 in . 
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FIGURE 9. VARIATION OF ELECTRIC C U R R E N T  INJECTION
SIGNAL ALON G A CRACK INTE RFACE IN Tj - 6 A 1 - 4 V .
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Ill. CLOSING REMARKS

Work is continuing in both the experimental  and analy tical  areas .
Six rod- t ype fa t igue specimens of AF 1410 steel are b e i n g  fabricated;
machining has been completed and the specimens are c u r r e n t l y be ing
subjected to a f i n i s h - g r i n d  p rocedure.  It is anti ci p at ed  that one or more
of these spec im ens  will be s t r e s s - cyc l ed  w i t h i n  the present pr o gr a r i  using
the automatic f a t i gue -c r ack -mon i to r ing  faci l i ty.  l’a t i ~~uu c r a c ks  wi ll be
grown to various lengths  up to 0. 050 inch long and i n v e s t i g at e d  u s ing

• magnetic per turb at ion , u l t rasonics  and Barkhausen noise  anal ysis .  These
results v-ill be compared to those obtained on AIS1 434() steel, specimens and

anal y z ed  in t e rms  of independent l y measured  cr ac k. p a r a m e t e r s .  Fracture
n iechan ics  anal y s i s  will be used to interpret the N1)E measu remen t s  and to

anal yze the  fati gue crack init iation and growth c h a r a c t e r i s t ic s  in AF 1410.

Anal y tical work is continuing in e f fo r t s  to i n t e r p r e t  the va r ious
features of the N ) E  measu remen t s  in t e rms  of the c rack  p ar a m e t e r s

needed for determination of crack criticality b y f r a c t u r e  me c h a n i c s  anal y s i s .
Both the mechanical characteristics of the c rack region , and the magne t ic
charac te r i s t ic s  in the case of steels , a re being  cons~dc red in  o rder  to
obtain rea l i s t ic  models for  i n t erp re t i ng  the quan t it a t i ve  func t iona l  relation —

shi p between the var ious  NDE si gna tures and the p e r t i n e n t  c rack  p a r a m e te r s ,

such as leng th , depth , COD , c rack in ter face  area , c rack o p e n i n g  confi g u r a t i o n ,

and plastic zones.

Results of these efforts are expected to lead to the ab i l i ty  to
- .- character ize  fa t igue  cracks quanti tatively so that in conjunction with

f racture  mechanics  anal y sis , a scientific basis will be available for
assessing the criticality of a detected crack. This ability should be of
importance to the Air  Force in relation to design cr i te r ia  used for s tructural .

conf igurations as well as provide a better basis for main tenance .
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I IV. PUBLICATIONS

.5 Results of work conducted during the past year unde r AFOSR
Contract No. F44620-75-C-0042 were included in an invited p resen ta t ion
made at the Sagamore Research Conference in August 1976:

- 

~Advanced Quantitative Magnet ;ic Nondestructive Evaluation
Methods - Theory and Exper iment”, J. R. Barton , F. N.
Kuscnberger, P~. E. Beissncr, 

and C. A. Matzkanin, Twenty -
- Third Sagamore Army Materials Conference , Raquet te  Lake ,
- New York , August 24-27 , 1976. Proceedings arc in the process
- of being published.
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APPENDIX

.5 Speci mens

Tensile fati gue specimens of AISI •1340 steel Were r o ug h-rnac h i n i il
-to shape from o n e — i n c h  d i a m e t e r  bar stock which had been a u st e n it i z e d
at 1525°F f o r  two h o u r  s , oil — q u e n c h e d , and  a i r  t e m p e r e d  for four hours
at 975°F. H ar d n e s s  r e a d i n g s  r e s u l t i n g  f r o m  t h i s  h eat  t r e a t m e n t  w e r e  1 1 ’.

the range 35—37 Rc. F in al m a c h i n i n g  ( g r i n d i n g )  and  pn i i  s lu ng o p er a t i o n s
fol lowed . All  s p e c i m en s , excep t for  those  u s e d  in r e p h i c a t ~on m i c r o -
sco py s t u d i e s , w e r e  hand polished using s u c c e s s i v e l y f i n e r  cii r h o r u n d u i r n
and emery papers , e n d i n g  w i t h  No. 4 10 , foI l  owed b-, f~ rai l pol 1 s h u i  with
0. 3 a l u m in a .  The specimen configurat ion is shown in Fi gure  12 .

T i t a n i u m , T i — 6 A 1 — 4 V , s pe c im en s  w e re  r ou g h — m a c h i n e d  to  shap.-
f rom n o r m a l  I — i n c h — d i a m e t e r m n h I l — a n n e a l ( - d  c e r t i f i e d  i z i i t . ’ r u a l  t e d  t h t ’~
st r e s s — r c l i c ’~ - — a n n c a 1( -d a t  1100°F fo r  1 h o u r  • u t i c l  i I J  1 — ( O t ,1 1 t d .  F i n a l

— n u a c h i n i n g  an d  p o l i s h i n e  o p e r a t i o n s  on t h e  t i t a n i u m  s p I - c u u r l - f u s  w~’r e  c a r r i e d
out s i n i i i a r  to t h o s e  u s c -d  f o r  t he  steel sp ec i men .  The  f i n i  sh e d  spec i rn
s u r f a c e  was s i ruj i a r  in  app ea n a n c e  to t h a t  of t h e  ~t ecl  s p e c im e -n .

Table I surnma r i z e s  the  m e c h a n i c a l  p r op c  n i  ( S  of t he  two t y p e s  of
spec imen  x a te  n i l  s.

TABLE I

MECHANIC A L PROPERTIE S OF
SPECIMEN M A T E R IA L S

AISI -fl-b Ti -6A 1- -I V
Ultimate tensile strength 194 , 150 psi 

— 
142 , 830 psi

0. 2% t ensi l e y ie ld  s t r e n g t h  182 , 550 psi 134 , 500 psi
Elastic i r i od u lu s  35. x 10~ psi

% el on ga t i o n  14. 3 16. 7
% r educ t ion  in area  48. 5 4 1 .5

The 4340 steel p r o p e r t i e s  r e p o r t e d  in Table I a rc  the a ver a g e
results froi’n two s p e C i m en t e s ts  and the  t i t a n i  urn prop e r t i e s  a re  those
obtained f r o m  the ni ill c e r t i f i c a t i o n  of t e s t .  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Experimental Procedure

The specimens were stress cycled in uniaxial tension in the
laboratory ambient air environment using the facilit y shown in F igure  13.
A close—up view of the test specimen area encircled in Fi gure 13 is presented
in Figure It. Components of some of the NDE ins trumenta t ion  are also

pointed out in Figures 13 and 14. The specimens were  cycled using a zero-
to-peak s t ress  of the desired value with a s t ress  rati o R 0, and were
continuously rn onito red with ultrasonic sur face  wave ins t rumenta tion
until the initiation of a fatigue crack was noted. The larges t  crack as
determined with an op tical microscope  was chosen for further investigation.
After  growing the crack to the des i red  length , the s t r e s s -cy c l i n g  m ach i n e

was stopped and measurements were made at various values of applied
static s t ress .

In addition to the var ious  NDE measurements, data of the following

types were obtained for each of the crack-load conditions: —

a. Crack lengths were measured at the surface using a
bifilar micromete r eyep iece on a microscope.

b. Surface photomicrograp hy ( 100X magnification) was

performed to record the crack topology.

c. Ultrasonic surface wave pulse-echo signal s were obtained
from six transducers  bonded to the specimen.  

.5

d. Rep licas were made for  determination of the crack opening
disp lacement with the scanning electron microscope .

Experimental  Methods

- In the m a g n e t i c p e r t u r b a t i o n  method , an e l e c t r o m a g n e t  is used to
magnetize the s p e c i m e n  while  the s u r f a c e  of the spec imen  is scanned  wi th
a small magne tomete r to de tec t  minu te  p e r t u r b a t i o ns  in the m a g n e t i c
leakage field.  The p e r t u r ba t i o n s  can be caused b y defec ts  in the spec imen
such as inclusions , void s, cracks , localized residu al stresses , chemical

segregation , etc . The method is schematicall y illustrated in Fi gure 15

for  the case of an inc lus ion .  In the present program , magnetic perturbation
inspection of the spec imen  was accomplished by scanning the s u r f ac e  of
the spec imen wi th  a Ha l l - e f f ec t  t r a n s d u c e r  that  t r a n s f o r m s  the ma g n e t i c
perturba tions into e lec t r ica l  si gnals  wh ich  are  then r eco rd ed .  R e cen t

• 
- improvements in I-Jail prob e desi gn have made it poss ib le  to resolve h e r e -

tofore unobservable c h a n ge s  in magne t i c  s igna l  c ha r a c t e r i s t i c s  a s soc ia ted
with fati gue c rack  deve lopment  in the v i c i n i t y  of t iny  m a t er i a l  i n c l u s i on s .
B y means of a probe scanning m e c h a n i s m  the I-Jail p ro be was  m ad e to

t raverse  a path  a long  the spec imen axis ( p e r p e n d i c u l a r  to the c r ac k  i n t e r f a c e ) .

Typ ical si gnatures arc shown in Figure 16.

~~~~ 
~~~.~~~ ( _ _ ~ _ 

5-.. - .5- .5 —.5- — a •r  - - .5 -— 

.5— -.5.5-- _a____._ —---— .5—



• 

- 

.5

- C-~~~~77

.5 
- ; _ .i~-

.-.5 ... -— -

.5 5- .5~~~~~~~~~~~ 
.5

_ i.. -‘
.5~j  .5—. 

, ‘•~~~t .5 ,_ —
“.5 —

~ p
.
-.
~ ~~

-
~~~~~ - I

-

~~~~~ 
- 

.5 , 

“ c- .5 

- -~~~~~~~
- 

, 
~~~~~~

-

~~~

-

~~~~~~~~

- :. ~ ~~~~~~~~~~~~~~~~~

~ 
M a g ne t i c  P r t U r l ) a t i O I t  i:__:

~ I
~~ I n st r u me n t a t i on  ~~

-
~~~~~~: - 

-

_ _ _ _ _ _  

.5

_________ Vacuum
S~~ste m ‘ 

.5 J
- I U l t r i - u n i c

i n s t r u me n t a t i o n

A
- 

_ _ _

.5 _______ -a ~ • •

.: 

~~ - ‘i’ 
. ~~~~~~~~~~~~~~~~~~~~~~ .J

‘. i~~~~ 

c

,,

~ 

~~~~~~~~L

’ 

I

A~~ 
~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ 

.:~~~

_ _ _  

- 

- 

‘
~~~~~r

St r e s s  Cy c l i n g  4

_ _  _____ .5 .~~~~~~~~~~~~~~~~~~~~
.5.

- 

- 
‘

~~~~~~~~~~~~~

‘ 

.- 
- 

- 

-

It F.1.-c ~ n c  Cu r r nt
In~~t r e ~e . - u i t a t i o n

1 - 1 - ~~ H 1 -~ 13. .5~~- k . 5 \ l . 5 l  Jj ,  ( H  ~~~~, I f . ’ i j i ~~~ ( !~~~~ - 1
l - ’. . \ L U \  I l(~~ 

:

.

~~



-- — —

.5 ~~~~~

— ----- -

_ _ _ _ _

- ~~~~
. 5 . 5 1  ~~~~~~~~~pL -

- . 5

~ ~~~~ 
-;

~
‘ ~~ 

~~~~~ ~-~‘r~’ - 
~~~ 

‘ 
---

~~~~~~~~~~~~~~~~~~~
- —

-

,

p 

~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Li

iiT3r~~~~~~~~~~~~~~ 

<

~~~~~~~~~~~~~~~~~~~~~~~~

— 
L~~~~~~~~~~~~~~~~~~~i~~~~~~I 

• —1Iir--- --~~~ 
ft

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~

Ir 
-

~ ~~~~~~~~
1 

_ _  
_ _

,/I _
—.5——- .5 

•

.5--

II — — ‘- 

~~~~~~~~~~~~~~~~ 
,,;4~~ 

,.
~~~~~ ‘ 

-

1 

_ _ _ _ _ _ _ _

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- -

~ 



r —•-—--,,,., ~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

/

/_

fr

42

7

1_

FIGURE 15. PERTURBATIONS IN MAGNE TIC FLUX CAUSED BY
INC LUSION IN FERROMAGNETIC MATERIAL.
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The B t r k h a u s e n  noi s (‘ ana l  v s i  s me thod  i n v o l v e s  app l ica t ion of a
con t ro l l ed  n J a ( n e t i c  f ie l d  s e q u e nce  to the ~p ec in1en  w h i c h  causes  a r ca  r r i t i u y -  —

m e n t  of the m a g ne t i c  d om a in  s t r uc t u r e ,  The doi~ t a i n  r e a rr an  - n ì e n t s  o

a b r u p t l y and  t h e  as  soc in t ed  d i s cr e t e  chan  es in spc cin- 3en m a g n e t i z a t i o n  i o dt u e

voltage pu 1~;e s in a d e t e c t io n  coil  p la ed in  p r o x i n h i  ty  to the  sp ec  in c i i.  l i~i
ap pr o a c h  is illustrate d schematicall y in Fi g u re  ~ 7. The B~i rk h a u ~~ -n f b i

is st rong l y i n f l u e n c e d  b y v a r i o u s  p a r a nh e t e  r s  of the  s p e c  i rn e n , in p ar t i  ( u l ar

the s ta te  of m e ch a n i c a l  s i r e  ss , and  t h e re f o r e  i t  c a n  be used  to de Ic m u  n-

the r e s i d u a l  s i t e  ss a round  a fa t i  sue  c r a c k .  In exp e  r im en t s  pc rf o  i-n t ed ou

fat i gue spec i in e n s  rnount c ( l  in  the s t r e s s  — c y c l i n g  m a c h in e , the c o n t r o l l e d
ru -ua g n e t i c  f i e l d  sc u c u c e  \ i t s  app l i c d  w i t h  t h e  same m a g n e t i z i  ns co i l  used for
the rnagnc t i c  p e r t u r b a t i o n  exp e r i r n c n t s .  The B ar k hau s e n  probe  w i t s  a sn ai l

m c i  u c t i v e  coil w h i c h  could  be m o u n t e d  on a m i c r om e t er  a dj u s t m e n t  fi~~tu rc .

The e l e c t r i c  c u r r e n t  i n j e c t i o n  m e t h o d  f o r  i n v e s t i u ’ a l i n g

fa t i gue c r a c k s  in n o n f e rr o m a g n e t i c  m e t a l s  is a n a l og o u s  to the  m a g n e t i t

p e r t u  r b a t i  on me thod u sed  fo r  m ag  ne t i c  m a t e r i a ls .  Fi g ur e  1~ is a sc hem at

i l l u s t r a t i on  of the me thod .  A spec  l i nen  15 in s p e c  ted u t i l i z i n g  th i s  me thu d

b y e s t a b l i s h i n g  a s u i t a b l e  c u r r e n t  f low in t he  spec  i u n e n  a n d  de tee t i n s  d c v t  a

in th is  c u r r e n t  f lov ~ caused  b y m a t e r i a l  i n hom o~ ene i t ie  S , s u c h  as m c )  us  t o s s

chemical  s e g r e g a t i on s  , c r a c k s , e tc . The d e v i a t i o n s  in c u r r e n t  f l ow p r od ’~~ - .

p e r t u r b a n c e s  in the a s s o c i a t e d  nia~~n et i c  f i e l d  and  t h e s e  a r e  d e t e c t e d  b y a

small n o n c o n t a c t in g  m a gn e t o mct e  r p robe s c a n n e d  o ve r  the sp e c i m e n  s u r f a ce .
The si gnal o u t p u t  i n f o r m a t i o n  f r o m  the  pr o b e  is an e l e c t r i c a l  v o l t a g e  and  can
be readil y d i s p l a y e d  on an osc i l l oscop e  or p r i n t e d out  on a s t r i p c h a r t
r e co rde r .

The AC Four-Contact Electric Probe method is an
electr ical  p o t e n t i a l  a p p r o a c h  w h e r e b y two outer  e l e c t r i c a l  con tac t s  in j ec t .
c u r r e n t  and two inne r contac ts  sense the e lectr ic  potent ia l , as shown s c h e —
matically in Fi g u r e  19a. The p r e s e n c e  of a c r a ck  be tween the i n n e r  c o n t a c t s
cau ses a dis r up tion of the electric potential  due to the i n s ula t in g  b a r r i er
formed b y the c r a c k , as shown in Fi gure 19b. B y c o m p a r i n g  the vol tages
measured at constant current on cracked and uncracked sp e c i m e n s , in

.5 •. princi p le , e lec t r ic  potent ia l  t heo ry  can be used to p r ec i s e ly ca lcu la te  the
cra ck dep th. In p r a c t i c e , however , it has been found m o r e  convenien t  to
calibrate the probe us ing  a r e fe rence  flaw , i . e .  , a m a c h i n e d  slot w h i c h
simulates the an t ic i pated crack s i ze , shap e and l o c a t i o n .  The AC appros ’  Ii
circumvents the diff icult ies assoc ia ted  wi th  the gene ra t ion  of t h e r m a l  em n f t  s.
encounte red in the conven t iona l  DC app roach.  A d equ a t e  nc-ne t r - at i  on dep th
is obtained with the AC method by us ing  low frequency (100 1 T~ ), and svn cli ro—

: nous de tec t ion  i s  used to d i s c r i m i n a te  aga in s t  i ncoheren t  no i se , r e s u l t i n g
in much g rea ter  sens i t iv i ty  than  can be obtained w i t h  the DC tee hn iquc .  II is
greater  s e n s i t i v i t y  permi t s  the use of v e r y  small dr ive  c u r r e nt s , on the
order of 16 ma.
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